We summarize recent progress in the theory of exclusive rare and semileptonic B decays, focusing on model-independent results. The heavy-to-light form factors parameterizing these decays admit a model-independent description in two distinct kinematical regions. In the large-energy limit of an energetic light meson, the Soft-Collinear Effective Theory can be used to prove factorization formulas for the form factors. We present factorization formulas for all B → P, V form factors at leading order in Λ/m b . Near the zero-recoil point, Heavy Quark Effective Theory gives useful relations among the form factors of different currents.
Introduction
The exclusive B decays are, in many ways, unique probes of the Standard Model and its extensions. The semileptonic B decays to charmless states can give information about |V ub |, while the exclusive radiative decays B → ρ(K * )γ decays can be used to extract |V td |. In addition, many of these decays are flavor changing neutral current processes, which proceed only through loops. Therefore they are sensitive to the presence of new nonstandard particles running in the loop, and can be used to search for new physics effects [1] .
Experimental data on these decays is becoming available, including not only branching ratios, but also spectrum shapes in semileptonic decays [2] . Interpreting this data for the purpose of extracting CKM parameters and in searching for New Physics effects requires good control over the Standard Model description of these decays. Many computations of these form factors are available, using methods as varied as quark models, QCD sum rules (see [3] for a recent review) and lattice QCD [4] . We will focus here on recent model independent results.
There are two kinematical regions where model independent results can be established, corresponding to the two kinematical limits of: a) slow and b) energetic final light hadrons. They are most naturally discussed in terms of two effective theories: a) Heavy Quark Effective Theory (HQET) and b) Soft-Collinear Effective Theory (SCET). Rather than following the historical order of events, we will discuss these two types of predictions starting from the respective effective theory describing each of these two situations. The large energy limit will be discussed in Sec. II and the case of the low recoil form factors is covered in Sec. III. An Appendix contains a summary of the factorization formulas for the B → P, V form factors contributing to rare and semileptonic B decays.
Large energy limit and the SCET
The Soft-Collinear Effective Theory (SCET) was proposed in [5] as a systematic framework for the study of processes involving energetic quarks and gluons, and was discussed in detail in another talk at this Conference [6] . In this talk we summarize only a few points strictly necessary for the discussion of the form factors.
The SCET separates the contributions from the different energy scales relevant in a physical problem. This is done by introducing fields with well-defined momentum scaling, corresponding to the modes relevant for reproducing the IR of the full theory. These modes include i) collinear quarks ξ n and gluons A n with momenta p c ∼ Q(λ 2 , 1, λ), ii) usoft quarks q and gluons A µ with momenta p us ∼ Qλ 2 and iii) soft modes q s , A µ s with momenta p s ∼ Qλ. The definition of the expansion parameter λ depends on the specific problem being studied. We use here and below light-cone component notation p = (n · p, n · p, p ⊥ ), defined in terms of light cone unit vectors n 2 = n 2 = 0, n · n = 2. The couplings of the effective theory fields are described by the SCET Lagrangian. In a theory containing only usoft and collinear modes, these couplings can be written as
where the first two terms describe couplings of collinear fields to each other (L ξ,cg ) [5] and usoft-collinear interactions (L qξ ) [9, 10] , respectively. They can be expanded in λ as
where the leading order collinear quark Lagrangian is (with iD
The explicit form of L cg can be found in Ref. [7] . Note the fact that the usoft-collinear Lagrangian L qξ starts at subleading order with terms of O(λ). The weak current qΓb is analogously matched onto SCET operators as [5, 8, 9, 10] 
where the ellipses denote operators suppressed by O(λ 2 ). The most general form of these operators is given in Ref. [10] for all allowed Dirac structures Γ.
An important property of the effective theory is ultrasoft-collinear factorization at leading order in λ. Since the usoft gluons couple to collinears only through the first term in Ref. (3) , their effects can be absorbed at this order into a Wilson line Y n [n · A] by performing a field redefinition of the collinear fields [7] 
The new collinear fields ξ 
Factorization in B → γℓν
The simplest exclusive heavy meson process which can be described in this framework is the leptonic radiative decay B ± → γℓ ± ν. This decay proceeds through weak annihilation of the B constituent quarks and does not suffer from the chirality suppression affecting the pure leptonic decay B → ℓν. Model dependent estimates [12] suggest branching ratios for this mode of the order of ∼ 10 −6 , which should be within the reach of the B factories. We will be interested in the kinematical region where the photon energy E γ is much larger than Λ QCD , but can be smaller or comparable with the heavy quark mass m b . In this region there are three relevant energy scales: the hard scale Q, with Q = {m b , E γ }, the collinear scale p 2 c ∼ QΛ, and the soft scale p
The soft scale is introduced by the typical momenta of the soft spectators in the B meson, and the collinear scale gives the typical virtuality of a spectator quark after being struck by the energetic photon p c = p sp + q. Finally, the hard scale is associated with hard gluons with virtualities of the order of the heavy quark mass.
Using SCET methods, a factorization theorem was proved in [11] to all orders in α s , expressing the form factors for this mode at leading order in Λ/Q as (with
The three factors in this formula are connected with the three different scales in this problem: the Wilson coefficients C V,A appear in the matching of the heavy-to-light currents uγ µ (γ 5 )b onto SCET operators, the jet function
c )) accounts for effects associated with the collinear scale, and the B meson light-cone wave function (normalized as dk + φ + B (k + ) = 1) accounts for fluctuations over the scale of the soft modes. Factorization in B → γeν was also studied in [12, 13] .
We mention here a few implications of the factorization formula Eq. (6). At tree level in matching at the scale QΛ, it predicts that the form factors in B → γℓν are proportional to the first inverse momentum of the B light-cone wave function k
The same moment appears in many other factorization formulas for B meson decays. Therefore, measurements of the photon spectrum in B → γℓν could provide a model-independent extraction of this parameter. Second, all LO form factors determining B → γℓν, B s → γℓ + ℓ − and B → γγ decays are given by one single nonperturbative integral over the B wave functions [11, 13] . Therefore their ratios can be computed in terms of the Wilson coefficients C V,A,T which have expansions in α s (Q) and contain double Sudakov logs. Finally, the corrections to the factorization formula Eq. (6) are suppressed by Λ/Q and come from matrix elements of power suppressed operators in the SCET.
Tree level contributions to the T -products (7) in SCET I .
Factorization for heavy-light form factors
We consider next the case of the heavy-to-light form factor, relevant for the semileptonic decays B → π(ρ)ℓν, or the rare radiative decays
The dynamics for this case is more complicated than for the leptonic radiative decay due to the presence of the collinear partons in the final state light meson.
Although it had been known for a long time that exclusive hadronic form factors admit a systematic expansion in perturbative QCD at large momentum transfer Q [14] , the extension of this approach beyond leading order in Λ/Q has been a difficult task. At subleading order one quickly encounters difficulties connected with soft parton configurations, corresponding to situations where one of the partons in a given hadron carries most of the hadron momentum. In heavy-to-light problems, such effects appear already at leading order in Λ/m b . In the standard hard scattering analysis, they lead to unintegrable singularities in the hard scattering kernels [15] which at O(α s ) can be absorbed into soft form factors ζ [16] .
The heavy-light form factor was recently studied in [17] using the SCET, where a factorization theorem at leading order in Λ/Q was established. The main points are:
• There are two relevant perturbative scales in this problem: Q and √ ΛQ, where Q = {m b , E π }. The effects associated with these two scales can be included using a twostep matching: QCD → SCET I → SCET II . Here SCET I contains collinear modes with p • The light meson state is purely collinear, and couples to the soft B meson state through the weak currents J given in Eq. (4), and the usoft-collinear Lagrangian L qξ in Eq. (2). In SCET I , the weak current contributing to the heavy-to-light form factor is matched at LO onto the T -products
ξξ , iL
cg , iL
ξq ] .
These contributions are shown in a graphical form in Fig. 1 .
• After usoft-collinear factorization Eq. (5), the T-products T F 1,2 factor, and can be matched directly onto SCET II operators. Their matrix elements give the 'factorizable' contribution. On the other hand, the NF T −products all involve J 0 , and their matrix elements are parameterized in terms of three 'soft' form factors, appearing in the same combinations as derived in [21] .
In this way one finds that at leading order in Λ/Q, the heavy-to-light B → M form factors can be represented by a factorization formula written schematically as
Here C ij are Wilson coefficients of SCET I operators, and J j (z, x, k + ) are jet functions appearing as Wilson coefficients in matching onto SCET II operators. Both these quantities are computable in perturbation theory. The nonperturbative effects in Eq. (8) occur in the form factors ζ i , and the light-cone wave functions of the B meson and of the light meson φ
In the Appendix we give the explicit form of the factorization formulas for all B → P, V form factors relevant for phenomenological applications.
A factorization formula for the heavy-light form factor of the form f = Cζ + φ B ⊗ T ⊗ φ M was first proposed in Ref. [16] , based on the study of low order contributions in perturbation theory. The effective theory analysis in [17] establishes such a factorization theorem in the form of Eq. (8) to all orders in α s , and at leading order in Λ/Q. It also shows that ζ depends on the scale QΛ, as well as Λ 2 . The two terms in the factorization formula Eq. (8) are of the same order in λ = Λ/Q, such that their relative numerical contributions can be comparable. Their scaling can be obtained from a simple model independent power counting argument as follows [17] . The SCET I operators in Eq. (7) scale like λ 3 . After matching onto SCET II the scaling of the collinear fields gets an additional λ. This gives for the total scaling of each of the two terms in Eq. (8)
, where the factors of λ −1 and λ −3/2 correspond to the scaling of the light meson and B states, respectively.
Although the numerical values of the soft form factors ζ are not constrained by the effective theory, and have to be obtained from model computations or lattice QCD, the factorization results have significant predictive power. For example, using as input the form factor f + (q 2 ) as measured in B → πeν, the remaining B → π form factors can be computed using Eqs. (16)- (18) and φ B (k + ), φ π (x). Finally, the explicit results in Eqs. (16)- (21) can be used to calculate Sudakov effects from the RG running of the Wilson coefficients C i , B i . It will be interesting to see how the results of this running compare with the results in Refs. [15, 22, 18, 19] .
The factorization relations have to be extended for the case of the penguin mediated rare radiative decays such as B → V γ and B → V ℓ + ℓ − (V = K * , ρ), to account for the contributions of weak 4-quark operators. These effects have been computed in Refs. [24, 25] and contribute about 5-10% to the observed branching ratios.
Zero recoil region
In the low recoil region for the final meson, corresponding to maximal q 2 ∼ (m B − m M ) 2 , heavy quark symmetry can be applied to describe the heavy-light form factors. For a heavy final meson B → D ( * ) ℓν, the normalization is fixed from the symmetry, with the leading power corrections of order Λ/m b vanishing for certain form factors [27] . No such information is available for light final mesons, although several properties of the heavy-to-light form factors can be established in a model-independent way.
The heavy mass scaling of the form factors can be straightforwardly derived from the mass dependence of the |B states implicit in their relativistic normalization |B(p) ∼ √ m b . Adopting the usual definition of the formfactors (see, e.g. [16] ), one finds the scaling laws [26] 
Relations among form factors of different currents can also be derived. There are three such relations for a vector light meson, and one relation for the pseudoscalar meson. For example, two of the B → V relations are [26] 
These relations are relevant for a method discussed in Refs. [28, 29] for determining the CKM matrix element |V ub | from exclusive B decays. This method combines data on semileptonic B → ρℓν and rare radiative decays B → K * ℓ + ℓ − near the zero recoil point, and |V ub | is extracted from the ratio [28, 29] dΓ(B → ρeν)/dq
The SU(3) breaking in this result can be eliminated using a Grinstein-type double ratio [30] and data on semileptonic D → K * (ρ)eν decays, resulting in a |V ub | determination at the 10% level [29] .
Recently, the leading power corrections to the heavy quark symmetry relations Eqs. (10), (11) have been computed in Ref. [31] . Contrary to naive expectations, they have a very simple form and depend only on the form factors of the dimension-4 currents qiD µ (γ 5 )b. These corrections are required for example to determine the tensor form factor T 1 (q 2 ) in terms of V, A 1 measured in exclusive semileptonic B → V ℓν decays. It is easy to see that combining the symmetry relations Eqs. (10), (11) ) to Eq. (10) is known (since the latter is of the same order as the terms shown on the RHS of Eq. (11)).
We give here an alternative derivation of this relation, and generalize it beyond the low recoil assumption implicit in the HQET derivation in [31] . Using the QCD equation of motion for the quark fields one finds
Taking the B → V matrix element of this relation one finds
The first equality is exact and holds for arbitrary recoil, while the second relation gives its asymptotic form in the low recoil and large energy regions, respectively. The form factor D(q 2 ) (scaling like D ∝ m −1/2 b in the low recoil region) is defined as
and vanishes exactly in the constituent quark model [31] , which suggests that its value could be small. It would be interesting to see if this suppression is confirmed by nonperturbative methods such as QCD sum rules or lattice QCD. Similar results are obtained in Ref. [31] for subleading power corrections to all the other B → P, V form factor relations in the zero-recoil region. In all these cases the subleading terms depend only on form factors of the local dimension-4 operators qiD µ (γ 5 )b. These results were used in Ref. [32] to estimate the subleading corrections of O(Λ/m b ) to the |V ub | determination using Eq. (12) . These corrections can be as large as 5%, and are dominated by one of the (unknown) form factors of qiD µ γ 5 b. Quark model estimates of this matrix element suggest that the correction is under a few percent, and more precise determinations (lattice QCD) could help to reduce or eliminate this source of uncertainty.
We present here the complete results for the form factors in factorized form. Adopting the usual parameterization of the form factors, the explicit results for the B → P form factors are [10] (we use here the notations of [10] for the Wilson coefficients of SCET operators)
. The corresponding results for the B → V form factors read
12 + B 4 [8, 10] . At tree level they are given by C 
